Many scientific disciplines ranging from physics, chemistry and biology to material sciences, geophysics and medical diagnostics need a powerful X-ray source with pulse 
Introduction
The main components of a free-electron laser are an accelerator generating a bright, high-energy electron beam and a so-called undulator magnet. In the undulator, the electrons are forced on an oscillatory path by a periodic sequence of alternating transverse magnetic fields, and they emit radiation into a narrow bandwidth around a resonance wavelength λ ph given by 
Here, E is the electron energy, m e the electron rest mass, e the elementary charge, c the speed of light in vacuum, λ u the undulator period, and B u is the peak magnetic field in the undulator.
While undulator radiation is widely used in synchrotron radiation sources to generate high-brilliance (photon flux per frequency bandwidth per unit phase space volume) ultraviolet and X-ray beams, a boost in intensity by many orders of magnitude is achieved in an FEL due to the interaction of the electrons with the radiation field generated in the undulator. If the charge density of the electron beam is sufficiently high and the undulator long enough, this interaction induces a periodic charge density modulation in the electron bunches with the period given by the resonance wavelength λ ph . Once this so-called "microbunching" has been induced, many of the electrons start to radiate coherently at the resonant wavelength, thus increasing the radiation intensity and, in turn, the density modulation depth. This mechanism leads to an exponential growth of the radiation intensity along the undulator. The high-gain FEL 5-10 described here achieves laser amplification and saturation within a single pass of the electron bunch through the undulator and does not require a set of mirrors as is the case in conventional lasers and in the low-gain FEL. Thus, the high-gain FEL is suited for wavelengths far below the visible where suitable mirrors are not available. The lasing process can be initiated by the spontaneous undulator radiation, and the FEL works then in the so-called Self-Amplified Spontaneous Emission (SASE) mode [5] [6] [7] [8] [9] [10] without needing an external input signal.
Compared to storage-ring based synchrotron radiation sources 4 , SASE FELs are capable of providing typically eight orders of magnitude higher peak brilliance with pulse lengths of about 100 fs FWHM and almost full transverse coherence. Two main advantages of the SASE FEL are revealed by Eq. (1): the tunability of the wavelength by varying the electron energy or the magnetic field and the possibility to achieve very short photon wavelengths at high electron energies. The shortest wavelength achieved with this principle up to now was 80 nm 11, 12 , which was promptly used for successful user-experiments 13,14 .
The VUV-FEL at DESY

Overview
The experiments presented here have been performed at the Vacuum-Ultra-Violet propagates to the experimental hall.
Formation of electron beam
The FEL process demands a bunched electron beam of extremely high quality which can be produced by linear but not circular accelerators: specifically, high peak current, small emittance, small momentum spread and short bunch length. The injector consists of a laser-driven photocathode in a 1½ -cell radio-frequency (rf) cavity operating at 1.3 GHz with a peak accelerating field of 40 MV/m on the cathode 16, 17 . The
Cs 2 Te cathode is illuminated by a Gaussian shaped UV laser pulse with 4 ps rms duration, generated in a mode-locked solid-state laser system synchronized with the rf.
Since the bunch length extends over a non-negligible fraction of the rf wavelength of 23 cm, the particles in the bunch acquire a position-dependent momentum variation during the acceleration. This energy-position correlation is utilized to reduce the bunch length in two "bunch compressors", consisting of two magnetic chicanes. Here, the electrons with a larger momentum travel a shorter distance than those with smaller momentum thus enabling the bunch tail to catch up with the head if the appropriate longitudinal momentum profile has been imparted to the bunch. The expected longitudinal electron distribution within the bunch consists of a 50 fs long leading spike containing some 10% of the total charge with a peak current exceeding 1 kA, and a long tail with current too small from which to expect significant FEL gain. Since the particle distribution inside the bunch is longitudinally inhomogeneous, it is to be expected that each longitudinal slice of electrons inside the bunch acquires different values of the "slice" emittance and "slice" energy spread. Figure 2 illustrates the computed longitudinal structure of the bunches at the entrance of the undulator. The local particle energy E as well as the current I, the transverse ("slice") emittances ε n,x and ε n,y were found with a number of numerical beam dynamics simulation tools 24, 25 . For the bunch slice with maximum current (2 kA according to simulation of a 1 nC total charge) the normalized emittance is predicted to be 4 π mm-mrad 
Superconducting accelerator
The electron injector section is followed by a total of five 12.2 m long accelerating modules each containing eight 9-cell superconducting niobium cavities, which provide the beam energy of 440 MeV required for 32 nm radiation wavelength according to Eq. (1). In the first three modules the electrons are accelerated on the slope of the rf wave to induce the position-dependent energy distribution within the bunch that is used for the longitudinal bunch compression. One "bunch compressor" is installed after the first accelerator module and a second one after the third accelerator module. In this way, emittance degradation due to coherent synchrotron radiation occurring in the bunch compressor dipole magnets can be minimized. The accelerator is actually capable of achieving much higher beam energy such that, in a next step of the project, wavelengths around 10 nm are planned.
Electron beam diagnostics
The transverse electron beam size can be imaged using cameras observing the optical transition radiation generated when the electrons pass a thin, aluminium coated silicon wafer. From the data obtained at three locations with well-known beam-optical elements in between, the transverse beam emittance can be determined. We use four screens to improve the precision of the result and the quality of error analysis. The The longitudinal beam profile has been determined using a streak camera, by electro-optical sampling 26 and by observation of the infrared coherent synchrotron radiation spectrum generated in the dipole magnets of the bunch compressors. A fourth method is based on the time-dependent deflection of the electron bunch induced by a rapidly rising electric field oriented perpendicular to the direction of beam motion 27, 28 . This field is generated by a 2. 
Undulator
The undulator 22 system is subdivided into six segments, each 4.5 m long. In a 60 cm long space between the segments, quadrupole magnets to focus the electron beam and electron beam diagnostics tools, such as wire scanners and beam position monitors, are installed. Achieving a perfect overlap of the electron beam with the radiation field generated inside the undulator is mandatory for the FEL process. Therefore, the utmost care is taken in aligning all the elements. A very high field quality has been achieved in the undulator modules so that the expected rms deviations of the electrons from the ideal orbit should be less than 10 µm.
FEL radiation properties
The properties of FEL radiation 21 have been calculated for 30 nm wavelength with the three-dimensional, time-dependent simulation code FAST 29 , predicting an average energy in the radiation pulse of up to 100 for a bunch charge of 1 nC. µJ The most critical step has been to find the onset of laser amplification. For this purpose a radiation detector equipped with a microchannel plate (MCP) has been used, Figure 4 ). We conclude that the observed angular divergence is close to the diffraction limit which is a clear indication for a high degree of transverse coherence.
ad Figure 5 shows the measured energies of many successive radiation pulses. A large fluctuation is seen which is to be expected since in a SASE FEL the gain process starts from shot noise. Theoretically, the radiation pulse energy should fluctuate according to a Gamma distribution
radiation pulse and provides a relationship between the average number of spikes in the single-pulse wavelength spectra and the fluctuations of pulse energy. The measured histogram in the lower part of Figure 5 fits nicely the Gamma distribution Eq. (2) with . The statistical analysis cannot distinguish between transverse and longitudinal modes. Since a high degree of transverse coherence has already been concluded from the observed angular divergence, the transverse mode number should be less than two. Consequently, we expect three to four longitudinal modes. According to statistical analysis and numerical simulation, this implies that, on average, two wave packages ("spikes") should be present in the time profile of each FEL radiation pulse.
= M
While the ultra-short pulse duration has up to now precluded a direct measurement of the temporal structure of the FEL pulses, the single-pulse wavelength spectra are accessible and may be used to estimate the radiation pulse duration. Three such spectra are presented in Figure 6 . They were taken with a grating spectrometer 1. Spectral analysis of the spiky structure of single-pulse wavelength spectra, see Figure 6 .
2. Statistical analysis of pulse-to-pulse intensity fluctuations, see Figure 5 .
3. Time-domain measurement of the longitudinal electron bunch profile (see 
Conclusion
In conclusion, we have demonstrated during the first operation of the VUV-FEL at DESY that powerful, laser-like VUV radiation pulses in the 10 fs range can be produced with a simple and reliable single-pass SASE FEL scheme. (2) for M=4.1 which is calculated from the variance of pulse energy fluctuations illustrated in the upper part of the figure. This is the expected distribution of a high-gain FEL operating in the exponential regime. The measurement confirms that the VUV-FEL is operating in the exponential regime and is a source of completely chaotic polarized radiation 10, 32 , with M being the total number of optical modes in the pulse. 
